The incorporation of Fe in GaAs was studied by cross-sectional scanning tunneling microscopy (X-STM). The observed local electronic contrast of a single Fe atom is found to depend strongly on its charge state. We demonstrate that an applied tip voltage can be used to manipulate the valence and spin state of single Fe impurities in GaAs. In particular we can induce a transition from the (Fe 3+ ) 0 -3d 5 -isoelectronic state to the (Fe 2+ ) − -3d 6 -ionized acceptor state with an associated change of the spin moment. Fe atoms sometimes produce dark anisotropic features in topographic maps, which is consistent with an interference between different tunneling paths.
The properties of single impurities in semiconductor hosts are of great fundamental and practical importance. As the dimensions of semiconductor devices become increasingly smaller, single impurities have an increasingly important influence on the device characteristics. This is problematic for conventional device designs but may make possible new "solotronic" devices where a single impurity determines the functionality of the complete device [1] . Furthermore the incorporation and electronic structure of magnetic impurities in semiconductor hosts are fundamental to the understanding of diluted magnetic semiconductors [2] .
Cross-sectional scanning tunneling microscopy (X-STM) provides the atomic-scale electronic resolution required to illuminate many of the fundamental properties of single impurities in semiconductor materials. In this work we use X-STM to investigate Fe doped GaAs at the atomic scale and report on the spatial distribution of Fe atoms and the different charge and valence states of substitutional Fe. We manipulate the valence state, i.e. the core spin of the Fe, with the tip voltage from (Fe
6 , where the first symbols describe the valence (sp) electrons and the second describe the core spin d-shell occupancy. This manipulation differs from the ionization of Mn in GaAs, [(Mn
5 plus a free hole [3] , where "h + " indicates the hole bound in a host-like acceptor state. The neutral [(Fe
0 acceptor state of Fe atoms at a p-type surface has been observed, but not previously manipulated [4] . Change of the d-state occupation of Fe should strongly modify the magnetic moment of the Fe atom, of value to single impurity spintronics.
The X-STM measurements were performed both at room temperature and 77 K under UHV conditions (5×10 −11 Torr). Electrochemically etched tungsten STM tips were used. The STM was operated in constant current mode on a clean and atomically flat GaAs ) and a Fe monolayer incorporated in GaAs. The growth temperature was 580
• C during the entire growth procedure. The nominal layer structure consisted of GaAs substrate/100nm Fe:GaAs/200nm GaAs/Fe monolayer/500nm GaAs. The growth was monitored by RHEED. In this paper we only report on the Fe monolayer region of this sample.
In Fig. 1 two typical images of the GaAs layer directly above the Fe monolayer are shown. Every single feature which is dark and anisotropic is the signature of a single Fe atom. The nominal position of the Fe monolayer is indicated by the blue line at the right edge. No Fe atoms are detected at this position; instead they have strongly segregated along the growth direction. Segregation has already been reported for other transition metals in III-V semiconductors. In the case of Mn δ-doped layers in GaAs a strong segregation occurs and SIMS [5] and X-STM investigations [6] have demonstrated segregation over distances of several tens of nm, which depends on the growth temperature and scales with the nominal Mn concentration. Here Fe atoms are found as far as 150 nm from the intended position of the Fe monolayer. How- ever, no clear Fe concentration gradient is observed and an accurate doping profile could not be determined due to poor statistics. This inhomogeneous and slow incorporation of the Fe atoms indicates that Fe acts as a surfactant during the growth of the GaAs capping layer. Such behavior is consistent with the low solubility reported for Fe in GaAs. An alternative explanation could be the Fermilevel pinning of the growth surface. The presence of an electric field at the surface can lead to the redistribution of the impurities during growth [7] .
The segregated Fe atoms in the capping layer are not distributed randomly. In Fig. 2 , regions with high concentrations of Fe are apparent. These Fe-rich regions consist of Fe atoms that group together during epitaxy. The change in RHEED patterns from 2D to 3D after the growth of the Fe monolayer agrees with this picture. No nano-precipitates or secondary crystallographic phases are detected. It is important to stress that the Fe atoms are not in nearest neighbor positions but form dilute Fe clusters which do not seem to influence the crystal structure of the semiconductor host. The tendency of transition metals to aggregate during the epitaxial growth of III-V semiconductors has already been established [8] . The mechanisms behind this are long range attractive forces between magnetic atoms, due to Coulombic interaction or strain field interactions. The local density fluctuations we observe resemble the so-called spinodal decomposition observed in some dilute magnetic semiconductors [9, 10] , except that from our study there seems to be an absence of Fe-Fe bonds. From our X-STM 2D cuts, it seems that these isolated dilute clusters form extended three dimensional structures.
The known possible electronic configurations [11] of an Fe atom in GaAs are illustrated in Fig. 3 duced by each Fe impurity is strongly dependent on the applied voltage. We distinguish four regimes for which Fe atoms give rise to images with distinctly different contrast and shapes due to applied voltage dependent local manipulation of the Fermi level position due to tipinduced band bending (TIBB). The Fermi level position within the band gap controls the electronic configuration of Fe atoms in the semiconductor. Thus, tuning the voltage is expected to change the charge state and/or the valence of the impurities as described in Fig. 4 . Impurity charge manipulation using an STM tip or a nearby charged defect has already been demonstrated for various impurities in III-V semiconductors [13] [14] [15] .
At sufficient positive voltage, some Fe atoms appear as bright highly localized features while the majority are not visible. Locally under the tip the semiconductor's bands as well as the CT level are pushed upwards at positive voltages and the sample Fermi level will be located below the Fe 2+ /Fe 3+ CT level. Under these conditions the Fe atoms are expected to be in their isoelectronic configuration Fe 3+ . The contrast observed for isoelectronic Fe will originate from the difference in LDOS of the Fe atoms and the Ga atoms. This gives rise to a highly localized contrast so only impurities located in the surface layer (S) are expected to appear in the STM images. The contrast shown in Fig. 4(a) is therefore consistent with Fe atoms in the Fe 3+ configuration. The slightly delocalized features can be understood as a consequence of a p − d hybridization of Fe with the valence band wavefunctions. Fig. 4(c) shows that for applied voltage of ≈ -3.0 volts the Fe atoms appear as bright discs. Such discs correspond to the ionization of either donors [14] or acceptors [15] . In these studies, the onset of the disc indicates the spatial separation between the tip and the impurity results in a local TIBB sufficient to ionize the impurity. The isotropic Coulomb field created by the ionized impurity induces a local enhancement of the states available for tunneling, and thus the tunnel current. For tunneling conditions like Fig. 4(c) 0 . The filling of the 3d-shell changes from five to six electrons, and therefore the core spin state changes from S = 5/2 to S = 2. The presence of these bright discs in our topography images is a clear manifestation of the manipulation of the d-states of single Fe impurities by the STM tip.
Although, as with Mn acceptors and Si donors, the diameter of the discs increases with the applied voltage and tip-sample distance, there were additional features detected which could be specific to a change in d-shell occupancy. The position of the disc edge depends on the nature of the atoms under the tip; a larger diameter occurs when the tip is located above the As sublattice. This could originate from stronger hybridization between the d-states of Fe and the host valence band states. Moreover, an instability is observed for some Fe impurities when the local Fermi level is very close to the CT level, due to spontaneous relaxation from (Fe 2+ ) − to Fe 3+ . Analogous behaviour was recently described for Si atoms at the (110) surface of GaAs [16] . Figure 4(d) shows the electronic contrast appearing for Fe atoms at very large negative voltage. The semiconductor's bands are bent further downwards such that an accumulation of electrons is created at the surface of the semiconductor. These electrons screen charged defects and lead to charge density oscillations around each negatively charged (Fe 2+ ) − ion. The presence of such Friedel-like oscillations has already been reported for ionized dopants such as Si [17] and Mn [18] in GaAs. To observe this requires a sample Fermi level relatively high in the band gap; for Fe-doped GaAs, the Fermi level is close to the CT level, located deep in the band gap. Figure 4 (b) shows that at low negative bias voltage, the electronic contrast in the topography due to a single Fe atom is very peculiar, with all Fe atoms appearing as dark anisotropic features on a brighter background. The shape of these features depends on the depth of the Fe atom from the surface. Moreover, the shape of a single impurity changes rapidly with the voltage and the current setpoint. From very low to moderate negative voltage, the dark feature becomes smaller and more asymmetric before disappearing. It shrinks from a large cubic shape to a small triangular shape through a bow tie and a cross feature. The same dependence is found when decreasing the current setpoint.
Similar anisotropic shapes (but with bright contrast) have been reported for the wave functions of holes bound to individual acceptors in GaAs [3, 4, 19] . Bound hole wave functions are imaged at low positive voltage, when electrons can tunnel from the tip to the empty acceptor state and appear as bright anisotropic features. The anisotropy of the contrast originates from the cubic symmetry of the host crystal [3] , while the asymmetry is related to the interaction with the surface and the binding energy of the acceptor [20] . Thus, the shape variation of these features from one Fe atom to the other is attributed to the depth dependence of the charge distribution contrast, as shown for Mn impurities in GaAs [21] . The voltage dependence is understood as a consequence of the TIBB. The shapes become smaller and more asymmetric as the TIBB becomes larger. The current dependence is weaker and can not be understood as a result of a change in TIBB. The asymmetry is stronger when the current setpoint is low, i.e when the tip-sample distance is large and the TIBB smaller. We think that the shape variation with the current setpoint is induced by the difference in the overlap of the tip and the sample wavefunctions. Decreases in conductivity appearing at a single impurity in filled states topography images are rare. Standard electron tunneling mechanisms from a semiconductor sample to a metallic tip can not explain our observations and the origin of this dark contrast around the Fe impurity remains unclear.
We suggest a possible interpretation which draws on observations of a decrease in tunneling current from interference between two elastic tunneling paths through a single molecule, one path virtually exciting a vibrational resonance [22] [23] [24] [25] . Here we consider a similar scenario in which one path virtually excites an electronic transition, from E to T 2 crystal-field-split states in the d shell of the Fe impurity (a core exciton). Using similar formalism as Ref. 22 , and described in more detail in the Supplemental Material [26], we find the dI/dV curves shown in Fig. 5 . The large regions of negative calculated ∂I/∂V , which would appear dark in topographic maps relative to surroundings, suggest an interpretation for the dark anisotropic shapes shown in Fig. 4(b) , and indicate that interference effects could be the cause of the decrease in tunneling current for negative applied voltages.
In summary we studied the spatial distribution and the electronic state of Fe in GaAs by cross-sectional scanning tunneling microscopy (X-STM). We achieved the manipulation of the core state of single Fe impurities in GaAs by controlling the TIBB, via the applied voltage. Fe atoms can be brought from their isoelectronic state (Fe 3+ ) 0 −3d 5 , into an ionized acceptor state (Fe 2+ ) − −3d 6 . The observed local electronic contrast of a single Fe atom was found to change strongly due to different charge states. Finally, a peculiar contrast was observed, where Fe atoms appear as dark anisotropic features, that we tentatively explain by an interference between two elastic tunneling paths.
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